Tuberculosis in cattle remains a major zoonotic and economic problem in many countries. The standard diagnostic assay for bovine tuberculosis, the intradermal tuberculin test, has low accuracy. Therefore, alternative immunodiagnostic methods, such as serological assays, are needed for detection of infected animals. Development of an accurate serodiagnostic test requires a detailed understanding of the humoral immune responses during bovine tuberculosis and, in particular, identification of the key antigens of Mycobacterium bovis involved in antibody production. In this study, we characterized antibody responses in cattle experimentally infected with M. bovis. Sequential serum samples were collected every 3 to 4 weeks for up to 27 months postinfection. Circulating immunoglobulin G antibody levels were measured by an enzyme-linked immunosorbent assay using 12 highly purified recombinant proteins of M. bovis. Six proteins, ESAT-6, 14-kDa protein, MPT63, MPT70, MPT51, and MPT32, were identified as major seroreactive antigens in bovine tuberculosis. A remarkable animal-to-animal variation of antigen recognition by serum antibodies was observed. Kinetic analyses of the antibody production to individual antigens during infection revealed that the heterogeneous antigen recognition profile changed markedly in a given infected animal as disease progressed.
Mycobacterium bovis is a major bacterial pathogen in cattle and farmed cervids as well as in captive and wild animals (31, 35) , causing serious economic problems worldwide. Also, M. bovis can cause disease in humans (15, 35) . Human tuberculosis (TB) due to M. bovis contributes to the bovine TB cycle in Africa (6) , a threat that is exacerbated by the present pandemic of AIDS (8, 15) . The success of eradication programs for bovine TB adopted by many countries (11, 31) requires effective control measures.
The existing diagnostic methods for TB in living cattle are inadequate. The standard assay is the intradermal tuberculin test that measures delayed-type hypersensitivity reactions to purified protein derivative (PPD) (32) . However, this test has low diagnostic accuracy (34) , and it affects the immune status of animals subjected to repeated testing (10) . Therefore, alternative immunodiagnostic methods are needed for early detection of infected cattle. Serological assays could represent a useful approach because they are generally simple, rapid, and inexpensive.
The outcome of numerous attempts to develop a sensitive serodiagnostic assay specific for bovine TB has been unsatisfactory. Antibody responses in cattle have been investigated in studies using unfractionated, highly cross-reactive antigen preparations, such as PPD, whole-culture filtrates, and sonicates of M. bovis (7, 16, 17) . More recently, several protein antigens purified from the culture filtrates have been serologically characterized in bovine TB (12, 14) . Some of these antigens, MPB70 (13, 21, 25) , MPB64 (13) , MPB83 (20, 22) , and P27 (3), displayed immunological specificity to M. bovis. However, immunoassays based on a single antigen usually provided detection of serological responses in only a minority of infected cattle (4, 40) . Thus, the serodiagnostic value of earlier assays has been limited due to a lack of specificity and/or sensitivity. Development of improved serodiagnostic assays requires a detailed understanding of the humoral immune mechanisms induced by infection with M. bovis in cattle and identification of the key antigens involved in the antibody responses during bovine TB.
In this study, we characterized serum immunoglobulin G (IgG) antibody responses during experimental bovine TB against a panel of 12 highly purified recombinant proteins of M. tuberculosis (5) that are also produced by M. bovis. In addition to MPT70, a major secreted protein of M. bovis (18, 19) , five other antigens, ESAT-6, 14-kDa protein, MPT63, MPT51, and MPT32, were identified as potent antigenic targets for the humoral immune response in bovine TB. Analyses of the kinetic antibody responses revealed variable patterns of multiple antigens recognized by sera from different animals, with marked changes in antigen predominance profiles in the same host during disease.
MATERIALS AND METHODS
Experimental infection. Ten Friesian-cross castrated males, approximately 6 months of age, were obtained from cattle herds with no history of M. bovis infection for at least 5 years. All animals were housed in strict isolation. In one experiment, two animals, 193 and 198, were infected by intranasal instillation of 10 7 CFU of a strain of M. bovis, T/92/1378, isolated from a field case of bovine TB (33) . Twenty-eight weeks later two other animals, 30 and 31, were placed into the same enclosed air space where animals 193 and 198 were housed. Housing conditions allowed direct contact of animals 30 and 31 with the intranasally infected group. Exposure to experimentally infected cattle resulted in development of contact M. bovis infection in animals 30 and 31. In two additional experiments, six animals were intranasally infected with 10 6 CFU of M. bovis T/92/1378. Cell-mediated immune responses were monitored weekly in all animals by assaying proliferation and gamma interferon (IFN-␥) production by peripheral blood lymphocytes in response to stimulation with PPD in vitro. Serum samples were collected from each animal preinoculation and every 3 to 4 weeks for 8 to 27 months postinfection and were stored frozen at Ϫ20°C. All infected cattle had macroscopic tuberculous lesions at postmortem examinations performed as described previously (33) and were culture positive for M. bovis.
Recombinant antigens. Twelve genes encoding culture filtrate proteins of M. tuberculosis (Table 1) were expressed in Escherichia coli as NH 2 -terminally polyhistidine-tagged fusion proteins as previously described (27, 28) . Recombi-nant antigens were purified to near homogeneity by using a three-step chromatographic protocol (5) .
Enzyme-linked immunosorbent assay (ELISA). Polystyrene 96-well microtiter plates were coated overnight at 4°C with purified protein at 1 g/ml or with unfractionated culture filtrate of M. bovis at 3 g/ml in 0.1 M carbonate-bicarbonate buffer (pH 9.6). Prior to use, antigen-coated plates were washed extensively with 0.1 M phosphate-buffered saline (pH 7.4) containing 0.05% Tween 20 (PBS-T). Serum samples were diluted 1:100 in PBS-T and added in duplicate to wells coated with each protein. Plates were incubated for 1 h at room temperature and then washed extensively with PBS-T. Bound antibodies were detected by incubation with mouse monoclonal anti-bovine IgG-alkaline phosphatase conjugate (Sigma) at a dilution 1:2,000 in PBS-T for 1 h at room temperature. After plates were extensively washed with PBS-T, 100 l of substrate solution (p-nitrophenylphosphate; Bio-Rad) was added to each well. Plates were incubated for another 20 min at room temperature, and color development was stopped by addition of 100 l of 0.4 M NaOH per well. Optical density at 405 nm (OD 405 ) was measured with an automatic microplate reader (Spectra Shell; Tecan).
Data analysis. For each antigen, serum antibody levels were evaluated by using a cutoff value based on optical density index (ODI), a ratio between OD 405 obtained for a test serum sample collected postinfection and OD 405 obtained for a serum sample collected from the same animal at an initial, preinfection time point. An ODI of Ն2 was taken as indicative of the antibody response; an ODI of Ն3 indicated high levels of serum antibodies. An animal was considered reactive to an antigen if at least one of the sequential serum samples yielded an ODI of Ն2 with that antigen.
RESULTS

Antibody responses to intranasal M. bovis infection.
Evaluation by ELISA of sequential serum specimens collected in the first experiment for a period of 27 months postinfection revealed antibody responses to various antigens. Of the 12 proteins used in the study, 9 and 10 were recognized by animals 193 and 198, respectively (Table 2 ). Among those seroreactive antigens, four (ESAT-6, 14-kDa protein, MPT70, and MPT51) in animal 193 and five (the same four plus MPT63) in animal 198 elicited high-level antibody responses (ODI Ն 3). Lower antibody titers (ODI Ն 2) were found against 19-kDa protein in animal 193, against MTC28 antigen in animal 198, and against MPT64, Ag85B, 38 kDa, and MPT32 in both animals ( Table 2) . No serum antibody against KatG was detected in either animal. Figure 1 shows the time course of antibody responses against the three most seroreactive antigens in animal 193 (ESAT-6, 14-kDa protein, and MPT70) and in animal 198 (ESAT-6, 14-kDa protein, and MPT51). Serum antibodies to some of these antigens were detected as early as 6 weeks postinfection. An initial sharp peak of the humoral immune response involving all seroreactive antigens was observed at week 12 in animal 193 and at week 9 in animal 198. This peak was followed by a significant decline of antibody levels for most antigens to preinfection values. As infection progressed, antibody responses showed multipeak kinetics in both animals.
In the second and third experiments, circulating antibodies to several antigens were detected in sequential sera collected over a period of 34 weeks postinfection from three infected animals, 12, 23, and 33 ( Fig. 2) . Animal 12 recognized nine proteins (Table 2) , with strong antibody responses against six (ESAT-6, 14-kDa protein, MPT63, MPT70, MPT64, and MPT32). Figure 2 shows kinetic data on antibody production to the three most seroreactive antigens in this animal. Sera from cattle 23 and 33 were reactive with five and two proteins, respectively ( Table 2) . Each of these animals produced highlevel antibodies against only one antigen, MPT70 for animal 23 and MPT63 for animal 33 (Fig. 2) . Time-course of antibody responses to individual antigens in animals 12, 23, and 33 involved multipeak changes, similar to those observed in animals 193 and 198. Three proteins, MTC28, Ag85B, and KatG, showed no seroreactivity in these animals.
No or very modest elevation in serum reactivity to some antigens (ODI Ͻ 2) was found in three additional animals (32, 37, and 83) in the second and third experiments. Data for one such animal, 32, are included in Fig. 2 . Sera were further analyzed by using unfractionated culture filtrate proteins to determine whether animals 32, 37, and 83 produced antibodies against antigens that were not tested in the present study. Only animal 32 had serum antibodies against culture filtrate proteins (data not shown). However, all three animals were infected, for they tested positive in assays measuring cell-mediated immune responses (proliferation and IFN-␥ production by peripheral blood lymphocytes in response to stimulation with PPD in vitro) (data not shown).
Antibody responses to contact M. bovis infection. Two animals, 30 and 31, developed TB following exposure to intranasally infected cattle (see Materials and Methods). ELISA results obtained with sequential serum samples from these animals are presented in Fig. 3 . In contrast to intranasally infected cattle, neither animal infected by contact developed significant antibody responses for 5 to 8 months postexposure. However, after the first year of infection, animal 30 developed a vigorous humoral immune response involving eight antigens (Table 2) , six of which (ESAT-6, 14-and 19-kDa proteins, MPT70, MPT51, and MPT32) elicited high-level antibody production. In contrast, animal 31 generated poor antibody responses. In this animal, MPT32 was the only antigen that gave an ODI of Ն3 in ELISA with serum samples collected between weeks 22 and 28 postexposure (Fig. 3) . Low-level antibody responses against ESAT-6 and 19-kDa protein were also detected at later stages of infection in animal 31. Neither animal recognized MTC28, Ag85B, 38-kDa protein, or KatG, the same four antigens that showed very low, if any, seroreactivity in intranasally infected cattle (Table 2) .
Animal-to-animal heterogeneity of antigen recognition. Characterization of the humoral immune response in cattle infected with M. bovis, intranasally or by exposure to experimental bovine TB, identified six antigens (ESAT-6, 14-kDa protein, MPT63, MPT70, MPT51, and MPT32) that were strongly recognized by serum IgG antibodies (Table 2 ). Detailed analysis of antigen recognition by individual sera revealed a remarkable variation of antibody responses in different animals. None of the seven responders recognized all six proteins as the most seroreactive antigens. Indeed, no single antigen or set of antigens was recognized by all antibody responders. The number of antigens involved in high-level antibody responses also varied markedly, from one (in animals 23, 31, and 33) to six (in animals 12 and 30). No association was found between the magnitude of the immune response and the number of antigens recognized. For example, the highest level of antibody to MPT70 in this study was detected in sera from animal 23 that strongly recognized only this antigen (Fig. 2) .
Animal-to-animal differences could also be seen in the kinetics of antibody production. As shown in Fig. 1 , the multiple spikes in the levels of antibodies to various antigens in animal 193 appeared synchronized, while in animal 198, after an initial peak, changes in antibody responses to different antigens, such as the 14-kDa protein and MPT51, often seemed reciprocal. In addition, even though essentially the same antigens were recognized by both animals, the individual levels of serum antibodies against some of these antigens varied from animal to animal and from antigen to antigen. For instance, the 14-kDa protein was the most prominent B-cell antigenic target in animal 198 but not in animal 193, whose sera recognized equally well two other antigens, ESAT-6 and MPT70 (Fig. 1) . Similar examples are provided by antibody responses in other animals. Three antigens, MPT63, MPT64, and MPT70, were equally reactive with sera of animal 12, only MPT70 was strongly seroreactive in animal 23, and MPT63 was predominantly recognized by animal 33 (Fig. 2) . Likewise, in contact infection, preferential recognition of ESAT-6, MPT70, or MPT32 could be seen at various time points in animal 30, whereas MPT32 was the only antigen recognized by high-level antibodies in animal 31 (Fig. 3) .
Stage-dependent variation of antigen recognition during infection. Kinetic analysis of antibody responses to individual antigens in animal 30 revealed changes in the antigen immunodominance pattern during infection (Fig. 3) . MPT32 was recognized predominantly by serum samples collected at weeks 55 to 58 postinfection. A few weeks later, however, the anti-MPT32 antibody response declined, while antibody production to ESAT-6 increased. As a result, after week 61, ESAT-6 elicited the highest levels of specific IgG antibody in this animal. A similar but less striking phenomenon occurred in other infected cattle. A switch in preferential antigen recognition was observed in animals 31 (from MPT32 to 19-kDa protein) (Fig.  3 ) and 33 (from MPT70 to MPT63) (Fig. 2) . A multiantigen shift (ESAT-6 to MPT70 to MPT63 to MPT70) was seen in animal 12 (Fig. 2) .
DISCUSSION
This analysis of kinetic antibody responses in cattle experimentally infected with M. bovis demonstrates that the humoral immune response during bovine TB involves multiple protein antigens and is characterized by a marked temporal and animal-to-animal variation in antigen recognition. We have identified the largest number of serologically reactive antigens to date. Six of eleven seroreactive antigens, ESAT-6, 14-kDa protein, MPT63, MPT70, MPT51, and MPT32, were capable of eliciting high-level antibody production in most responders. Except for MPB70, a major secreted protein of M. bovis (13, 18, 21) , these antigens have not previously been serologically characterized in cattle. It is worth noting that seroreactive antigens identified in the present work elicited high-level antibodies during intranasal and contact infection with M. bovis. Although the onset of the immune response is delayed in contact versus intranasal infection, the set of most seroreactive antigens is essentially maintained, indicating that our experimental findings should apply to naturally acquired bovine TB.
This work, along with our serological analyses of human TB (26), indicates that important differences exist between human and bovine serological recognition. Some antigens, such as 19-kDa protein, 38-kDa protein, and MTC28, which were among those preferentially involved in human antibody responses, showed little or no seroreactivity in experimentally infected cattle. Other antigens-MPT63, MPT51, and MPT32-elicited only weak antibody production, and only in a few cases, in human disease. ESAT-6 and 14-kDa protein were the only antigens displaying potent seroreactivity in both human and bovine TB. Whether differences in antigen immunodominance are due to differential expression of the homologous genes by M. tuberculosis and M. bovis (39) or to the host-determined immune recognition, processing, and presentation of mycobacterial antigens remains to be determined.
This study demonstrates that the humoral immune response to M. bovis infection in cattle is characterized by highly heterogeneous antigen recognition, as also seen in human TB (26) . This phenomenon was previously suggested in serological analyses using complex antigen preparations (4, 17) but never established. Using purified proteins, here we show that the number and pattern of antigens recognized and the magnitude of antibody responses to individual antigens vary markedly from animal to animal. Furthermore, the kinetic analysis of antibody responses to individual antigens reveals a remarkable shift in antigen immunodominance pattern during disease in the same host. This stage-associated variation of antigen recognition in the immune response could be a consequence of differential production of mycobacterial proteins in the course of infection.
Experimental infection of cattle with M. bovis represents a valuable animal model to investigate TB in humans. The longterm kinetic studies of serum antibody production in controlled bovine experiments should help clarify the humoral immune response in human TB. For example, the finding of a substantial degree of diversity in recognition of multiple antigens by serum antibodies in cattle experimentally infected with a single strain of M. bovis indicates that the development of heterogeneous antibody responses in TB is not due merely to antigenic variation among strains of the pathogen. As previously suggested (26) , the immunogenetic background of the infected host is most likely to be a key determinant of variable multiantigen recognition in TB.
In conclusion, the findings presented above indicate that the humoral immune response in experimental bovine TB involves multiple antigens that are differentially recognized in different animals and at different stages of disease in the same host. The extensive variation of antigen recognition established in this study implies that improved serodiagnostic test for bovine TB can be developed only by rational design of carefully selected multiantigen cocktails covering a broad spectrum of antibody specificities. Several challenges must be met to develop a multiantigen cocktail for the accurate diagnosis of bovine TB. First, to obtain high diagnostic specificity, ideal candidates for inclusion in a cocktail should be antigens that are serologically specific for the M. tuberculosis complex. In the case of antigens sharing B-cell epitopes with nontuberculous mycobacteria (MPT32 has this property [27] ), peptides representing immunodominant, M. tuberculosis-specific epitopes could be used in lieu of full-length proteins. Second, should optimal serologic activity of certain antigens be affected by posttranslational modification of protein (e.g., MPT32 is a glycoprotein [9] ), antigen production could utilize recombinant techniques in fast-growing, nonpathogenic mycobacteria rather than E. coli. Development of a multiantigen-based serodiagnostic approach for bovine TB is in progress. 
